The spectral parameters of phytochrome in vitro described in several recent studies have been determined in purer and less degraded phytochrome samples than those used by Butler, Hendricks and Siegelman more than 20 years ago. There are considerable differences between the old and the new data. It seems logical that the researchers interested in phytochrome-mediated photomorphogenesis should use the new data for 'native' phytochrome instead of the old ones, still in common use. A comparison of the spectral properties of phytochrome described in old and recent studies show that the differences among the 'new' data are as large or larger, depending on the particular parameter and wavelength region considered, than the differences between 'old' and 'new' data. Therefore, if one should decide to use the new data instead of the old ones, one must also decide which set of new data should be used. The latter is a difficult choice. No matter what the choice, it should be open to revision in the future, the limitations associated with the choice should be noted, and the use of any set of spectral parameters of phytochrome should be made with extreme caution.
In plant photomorphogenesis research, the photochemical parameters of purified phytochrome are used (a) to estimate rates of phytochrome photoconversion and values of the Pfr/P ratio under irradiation with light sources of known fluence rate and spectral energy distribution; these estimates are used in those cases in which it is not possible to determine the state of phytochrome in vivo in the particular biological system used; (b) in the interpretation ofresults ofphysiological experiments on lightdependent, phytochrome-mediated responses; and (c) in the development of theoretical models for phytochrome action.
Since the first isolation ofphytochrome, reported by Siegelman and Firer (14) in 1964, and the study of its photoconversion kinetics by Butler (1) and Butler et al. (2) , the techniques for phytochrome purification have improved considerably. The spectral parameters of purified phytochrome determined in recent studies (3, 8, 15, 17, 18) are different from those reported by Butler et al. (2) . Two factors are probably responsible for these differences. The phytochrome samples used in the old studies (1, 2) contained a high proportion of proteolytically degraded 60 kD phytochrome, while most recent preparations consist mainly of undegraded ('native') 124 kD phytochrome (8, 17, 18) . Recent preparations are purer, as suggested by values of the A665/A280 specific absorbance ratio for Pr much higher than that reported for the old phytochrome preparations (1, 2, 14) . Despite the availability of spectral parameters for undegraded phytochrome, many researchers still use the old data, as one can easily see by a survey of recent literature, one example being a recent paper on the distortion of action spectra of phytochrome-mediated responses (7) .
The purpose of this report is to provide a comparison of the in vitro photochemical parameters of phytochrome determined in different laboratories and to show the extent of the variations in estimates of the state of phytochrome that can be expected depending on the data set selected. A full comparison is given for the properties ofthree phytochrome preparations from Avena (1, 2, 8, 17, 18) and a partial comparison for the properties of a Secale phytochrome preparation (WO Smith, personal communication) and for Cucurbita phytochrome in vivo (12) . The basic spectral properties of these five phytochromes are summarized in Table I. MATERIALS AND METHODS Photoconversion coefficients and Pfr/P ratios at photoequilibrium (refer to Table II for definitions and symbols of spectral parameters) at different wavelengths for BHS and S and S phytochrome are those reported in Table I of the paper by Butler et aL (2) and in Table 1 and Figure 4 of the paper by Seyfried and Schifer (12) . Photoconversion coefficients and Pfr/P ratios at photoequilibrium for K and L phytochrome were calculated using the extinction coefficients of Pr and Pfr reported in Tables  3 and 4 ofthe supplement for the microfilm edition ofthe paper by Kelly and Lagarias (8) and the quantum efficiencies for Pr to Pfr and Pfr to Pr photoconversion reported in Table I . To calculate the photoconversion coefficients and Pfr/P ratios at photoequilibrium for V and Q and WOS phytochrome we first calculated the extinction coefficients of Pr and Pfr at 10 nm intervals from 300 to 800 nm. Extinction coefficients of Pr and Pfr at any given wavelength can be calculated from the absorption spectra of phytochrome solutions measured after saturating exposures to R2 and FR, if one knows the value of the Pfr/P photoequilibrium ratio in red light and the extinction coefficient ofPr for at least one wavelength (Table I) . The Tables I and II.  956 Table I (9) . In this region, the values of various phytochrome parameters change very quickly as a function of wavelength and the differences between different phytochromes are not easily discriminated in the figures. Therefore, the data for this region are also presented in tabular form (Tables III and V-VII) .
Plant Physiol. Vol. 82, 1986 RESULTS The values of s, for K and L and V and 0 phytochrome are higher, on the average, than those for BHS phytochrome (Fig.  1) . The maximum value of PA for K and L and V and Q phytochrome is in the region between 580 and 610 nm. The same is also true for WOS and S and S phytochrome (data not reported). The difference between the lowest, 0.75 (10) and the highest, 0.89 (WOS, Table I ), values of PA under R (665-666 nm) is 19%. The differences in the values of (P, are not constant throughout the spectrum. At 450 nm, the difference between the minimum (0.35, BHS, Fig. 1 ) and the maximum (0.45, K and L, Fig. 1 ) values of'P, is about 29%. In the region between 670 and 730 nm (Table III) Simultaneous irradiation with R and FR have been used in studies of HIR photomorphogenesis, to help verify the value of the Pfr/P ratio at the peak wavelength ofaction in the FR region (9) . The calculated values ofthe Pfr/P ratio at photoequilibrium for different values of the photon fluence rate ratio between 730 and 660 nm radiation vary considerably, depending upon the set of phytochrome photochemical parameters selected (Table IV) . The values for BHS Avena phytochrome in vitro and those for S and S Cucurbita phytochrome in vivo are quite similar and lower than those for K and L, V and Q, and WOS phytochrome. The data (Tables HI and IV) indicate that the estimate values of the Pfr/P ratio at photoequilibrium at the peak of action of the HIR in the FR region would have to be revised upward if one should decide to use the K and L, V and Q, and WOS photochemical parameters.
The BHS and K and L Pr photoconversion coefficients (Fig.  2) are closely matched in the 540 to 640 nm region and much higher than the V and Q ones. At the peak wavelength in the red region, the differences are: 14% between BHS and K and L phytochrome, 30% between BHS and V and Q phytochrome, and 48% between K and L and V and Q phytochrome. In the 670 to 730 nm region (Table V) , the BHS and V and Q Pr photoconversion coefficients are quite close and lower than the K and L, WOS and S and S ones.
The Pfr photoconversion coefficients (Fig. 3) of BHS, K and L and V and Q phytochrome are very close in the 300 to 540 nm region. In the 540 to 750 nm region, the BHS Pfr photoconversion coefficients are higher than the K and L and V and Q ones. For K and L and V and Q phytochrome, the Pfr photoconversion coefficients are much closer than the Pr ones. At the peak wavelength in the FR region, the differences are: 46% between BHS and K and L phytochrome, 63% between BHS and V and Q phytochrome, and 12% between K and L and V and Q phytochrome. In the 670 to 730 nm region (Table VI) , the lowest values for the Pfr photoconversion coefficients. are those for V and Q phytochrome and the highest ones are those Figure 1 . Figure 1 .
for S and S phytochrome.
The phytochrome photoconversion coefficients (Fig. 4) are the sum of the Pr and Pfr photoconversion coefficients (Table II) . At the peak wavelength in the red region, the differences are: 5% between BHS and K and L phytochrome, 40% between BHS and V and Q phytochrome, and 47% between K and L and V and Q phytochrome. In the 670 to 730 nm region (Table VII) , the highest values are those for S and S phytochrome and the Figure 1 . (Fig. 4) , one considers the relative ones (Fig. 5) , the BHS, K and L and V and Q phytochrome photoconversion coefficients are quite closely matched in the 420 to 680 nm region.
The calculated photon fluence rates required to reach 50% of the value of the photoequilibrium ratio in 90 s (Fig. 6) K and L phytochrome, and 2.5 gE m-2 s-' for V and Q phytochrome. In the 500 to 540 nm region, the 'green safelight region,' the photon fluences rates required vary from about 120 to 50OE m-2 s-'. At 450 nm, a wavelength close to the peak of action in the blue of several photomorphogenic responses, the fluence rates required to saturate phytochrome photoconversion in 10 min (ta,, = 90 s) are: about 27 ,uE m-2 s-' (7.2 W m-2) for K and L and V and Q phytochromes. However, the apparent in vivo phytochrome photoconversion cross-sections under blue irradiation are lower than those measured in vitro, as reported by Pratt and Briggs (11) in 1966, and, more recently, by Jabben et al. (5) and Kazarinova et al. (7) . According to the latter, the apparent in vivo phytochrome photoconversion cross-sections at 450 is no more than one-fourth of that measured in vitro. Thus, the 450 nm photon fluence rate required to saturate phytochrome photoconversion in 10 min in vivo would be in the range between 110 and 150 jE m 2 s7-. Using as a guideline the specifications provided by the manufacturer of a solar simulator (1,000 W xenon arc lamp, Air Mass 0 filter; output in a 102 x 102 mm collimated beam = 2,760 W m-2 = 2.1 solar standard), one can calculated the fluence rates of blue radiation that one could obtain using the solar simulator as the light source:
A. About 13 W m'2 (48 uE m'2 s-') using interference filters with 450 nm peak transmission, 10 nm half-bandwidth, and 45% transmittance; B. About 32 to 43 W m-2 (120 to 160 ,uE m-2 s-') using interference filters with 450 nm peak transmission, 25 to 30 nm half-bandwidth, and 45% transmittance. Clearly, even with a solar simulator with an output of 2.1 solar standards, the fluence rates required for fast phytochrome photoconversion in vivo under blue irradiation can be obtained only with relatively wide-band filters. These considerations might be rather important for studies of blue-light-mediated photomorphogenesis directed to determine if the action of blue light is mediated through cryptochrome or phytochrome or both.
DISCUSSION
Recent determination ofthe in vitro photochemical parameters of phytochrome (8, 15, 17, 18) have been made using purer and less degraded phytochrome samples than the old ones (1, 2). It seems logical that one should use the new data instead of the old ones. However, one must pay attention to one important factor which is well evident even when one limits the comparison to the data for oat phytochrome. The differences in the photochemical parameters between K and L and V and Q phytochromes are as large or larger, depending on the particular parameter and spectal region considered, than those between old and new data (Tables I and III-VII and Figs. 1-6) . Therefore, the first question to be asked is not "How significant is the difference between old and new data in relation to the understanding of phytochromemediated photomorphogenesis?" but rather "In consideration of the differences among recent data on the photochemical properties of phytochrome, which set of data should be selected if one should decide to use the new data?" How do we decide which new set of phytochrome photochemical parameters should be used? Can a comparison of the methods used in different laboratories to purify phytochrome and determine its photochemical properties be of help? To illustrate the difficulty in making a decision, let's consider as an example the values of OR and FR. Using the method of approach-toequilibrium analysis, Kelly and Lagarias (8) obtained values of 0.152 for 4R and 0.069 for FR (Table I ). These are the values used for the comparison. However, using the method of initialrate analysis, developed by Butler et al. (2) , and subsequently used in most determinations of the photochemical parameters of phytochrome, Kelly and Lagarias (8) (Table I) . If one uses these values, the photoconversion coefficients (mi2 uE-') for K and L phytochrome would be: 3.07 x 10-3 instead of 1.84 x 10' for Pr at 666 nm, a 67% difference, and 1.26 x 10-3 instead of 5.25 x 10-4 for Pfr at 730 nm, a 139% difference. These differences are important not only for the absolute rates of photoconversion, but also for the relative ones: the calculated value of the ratio between the rates of Pr to Pfr and Pfr to Pr photoconversion at any given wavelength is higher for the data determined with the 'approachto-equilibrium method' than for those determined with the 'initial-rate method.' This example illustrates just one of the difficulties involved in selecting a particular set of data. Another problem is created by the differences in the extinction coefficients of Pr and Pfr in different phytochrome preparations. The values for the BHS and V and Q oat phytochrome are quite close and much lower than those for K and L oat pytochrome and WOS rye phytochrome (Table I) differences is an important factor to help deciding which particular set of data one should select.
There is one particular aspect of the differences between old and new data and among new data which is important to note: the differences are not constant throughout the spectrum. Let us use, as an example, the values of the Pfr/P ratios at photoequilibrium under irradiation with different wavelengths. The values of the Pfr/Pr ratio at photoequilibrium under R are 0.81 and 0.87 for BHS and K and L phytochrome (Table I) , a difference of 7%. This difference is the one most commonly pointed out (3). But, in my opinion, the most important factor to be considered is that the differences are not constant throughout the spectrum. For example, in the 670 to 730 nm region, a critical region for HIR responses (9) , the differences in the values of the Pfr/P ratios at photoequilibrium between BHS and K and L phytochrome increase with increasing wavelength from about 14% at 670 nm to 366% at 720 nm (Table III) . This is a reflection of the fact that the differences in the Pr and Pfr photoconversion coefficients of different phytochrome preparations are not constant throughout the spectrum (Figs. 2 and 3 and Tables V and  VI) . Unfortunately, even in recent reviews (3) , nothing is said about the fact that the differences in the photochemical parameters of different phytochrome preparations are not constant throughout the spectrum and about the fact that changing from one set ofdata to another requires more than just using a different reference value for the Pfr/P ratio at photoequilibrium under R.
As pointed out at the beginning of the introduction, the photochemical parameters of purified phytochrome are often used to estimate the state of the photoreceptor in vivo. The comparison reported in this note provides an idea of the extent of the variations that can be expected for these estimates, depending on the particular set of photochemical parameters selected. Probably, at present, our lack of understanding of the physiological relationships between different pools of phytochrome, active and bulk (4), labile and stable (6) , ' 
